We study the effect of polyethylene glycol (PEG) on the dynamic and structure of water droplets at the reverse sodium bis-(2-ethylhexyl) sulfosuccinate (AOT) micro-emulsion. The mixture of water and oil with anionic surfactant AOT can form micro-emulsion. The dynamic of microemulsion in the presence of PEG is investigated by photon correlation spectroscopy technique. We mainly focus on the variation of the translational diffusion behaviour as a function of the polymer concentration and polymer length scale. By increasing the content of the lowest PEG length scale (Mn = 285), the dynamic of microemulsion slows down. In addition, one relaxation process is distinguished for all polymer concentration. However, for the two higher polymer length scale (Mn = 2200 and 6000), two relaxations are observed and the dynamic of microemulsion speeds up. We used the small angle X-ray scattering technique to monitor the size and the polydispersity of the mixture system (AOT microemulsion/PEG).
Introduction
The basic properties of mixed polymers with microemmulsion have received much attention recently [1, 2] . In general, there are three basic types of microemulsions, direct (oil dispersed in water, o/w), reversed (water dispersed in oil, w/o) and bicontinuous. In this work, we study dynamic and structure of mixture of polyethylene glycol (PEG) on reversed microemulsions and compare it with the direct microemulsion. The behaviour of mixed systems strongly depends on the interaction between the polymer and the surfactant film. For some types of polymers, the polymer-surfactants interaction produces the transient network, which slows down the dynamic of systems [2] [3] [4] . Elsewhere, the depletion effect was observed in the mixture of non-interacting of polymer with surfactants [1, 5] . The mixture of water and oil with sodium bis-(2-ethylhexyl) sulfosuccinate (AOT) forms as reversed microemulsion [6] [7] [8] . In this work, we study the effect of PEG on AOT microemulsion and compare it with C12E5 microemulsion mixed with PEG. Ternary C12E5 microemulsions, consisting of water, decane and non-ionic surfactant, pentaethylene glycol dodecyl ether (C12E5), produce direct microemulsion [1] .
The composition of each system is determined by the molar ratio X of water to surfactant molecules, X = [H2O]/[AOT] and the droplet mass fraction     In this work, the photon correlation spectroscopy and small-angel X-ray scattering techniques were used to study the collective diffusion coefficient and morphology of mixture of AOT microemulsion/PEG at constant water concentration (molar ratio, X = 40). The PEG polymer is water-soluble, so, in the mixture of PEG with AOT microemulsion, the PEG can stay inside of water droplet and it can change the diffusion and interaction of droplets.
Experiments

Materials and preparation
Sodium-2-diethylhexyl sulfosuccinate, or AOT 99% (an Alfa product), was dried in the vacuum. Deionised and distilled water is used to prepare the samples for the light scattering and small-angle X-ray scattering (SAXS) measurements. PEG with the different molecular number (285, 2200 and 6000) and n-decane (99%) were obtained from Sigma-Aldrich (Munich, Germany). The mixture of AOT microemulsions/PEG was prepared by mixing AOT surfactant, oil (n-decane) and solution of PEG and H2O. After waiting for several minutes, the samples were single phase and optically clear. The composition of the AOT/H2O/n-decane microemulsion is given by the two parameters water to surfactant molar ratio (X) and water to oil droplet mass fraction (mf). The parameters for explaining the concentration of PEG at microemulsions are shown with the molar ratio of PEG to AOT, Y = [PEG]/[AOT]. The experimental solutions were prepared by weighting appropriate amounts of AOT dissolved in decane and adding water to the solution.
Methods
Photon correlation spectroscopy
Photon correlation spectroscopy measurements were performed on filtered samples using ALV CGS-8f/DLS Instruments Series A6160-V1052 at Ulm University. The light source was a He-Ne laser operating at a wavelength of 632.8 nm with vertically polarized light. The beam was focused on the sample cell (10-mm glass tubes) through a temperaturecontrolled cylindrical quartz container (two plane-parallel windows), which was filled with a refractive index matching liquid (toluene). The temperature was kept at 20°C with an accuracy of ±0.1°C during the experiments and the scattering angle θ was 90° for all experiments and wave vector calculated by the following equation:
where n is the refractive index of the solvent, λ is the wavelength of the laser or X-ray and θ is the scattering angle. In the photon correlation spectroscopy, the normalised intensity time autocorrelation function g2(q,t) was measured [9] [10] [11] , 2 2 ( ,0) ( , ) ( , ) ( ,0)
where I(q,t) is the scattered intensity at a given q and time t. The g2(q,t) function is related to the normalised electrical field correlation function g1(q,t) by the Siegert relation assuming that the system is an ergodic media [9-11]
where B is the coherence factor of the equipment. All the correlation functions in this work were fitted by summation of two stretched exponential functions. For the high length scale of PEG (Mn = 2200 and 6000), the correlation function were fitted by two stretched exponential function [9] [10] [11] ;
where A, τf, τs, βf and βs are amplitude of fast relaxation, fast relaxation time, slow relaxation time and the stretched exponential exponent of fast and slow relaxation, respectively. We should note that for the lowest molecular weight of PEG (Mn = 285), one stretched exponential is used. The stretched exponential function describes the decay processes that have a distribution of relaxation times 〈τ〉. The parameter β (0 ≤ β ≤ 1) measures the width of the distribution function. The mean value of the relaxation time is given by (5) where Γ is the gamma function. The slow and fast diffusion (Ds, Df) were calculated by
SAXS experiments
SAXS experiments using synchrotron radiation are performed at the A2 beam line of the HASYLAB synchrotron facility (DESY, Hamburg) [12] [13] [14] [15] . The experiments are done with monochromatic wavelength of λ = 1.5 Å and 2D MarCCD165 detector. In the current experiments, the range of scattering vectors is 0.01 < q (Å -1 ) < 0.22, where q is the length of the wave vector, q = 4π sin θ/λ. The measurements are made at 20°C, and the scattering intensity was corrected for background scattering. The scattering intensity as function of the scattering vector I(q) of spherical, monodisperse particles can be described with a form factor component F(q), which is proportional to the scattering of a single particle, and a structure factor S(q) [16] :
c, being a prefactor, which contains the number density of scattering particles and S(q), describes the interaction effect. For the general case of n shells around a spherical droplet core, the form factor reads 3 0 sin( ( 4 ) ) ) ( (7) where Ri is the radius of the ith shell or, respectively, the core R0 and Δρi is the electron density contrast between the shells, i and i + 1 with ρn + 1 and ρ0 being the electron density of the solvent and the core, respectively. So, for a simple core-shell micelle, n = 1. The structure factor is the Fourier transform of the pair correlation function g(r):
The pair correlation function gives the probability to find another particle at a distance r from the centre of a given particle, relative to the probability to find a particle at this distance in an ideal gas. The pair correlation function is related to the total correlation function h(r) = g(r) −1 and it can be calculated with the Ornstein-Zernike equation [16] .
In the case of polydisperse scatterers, it can be shown [16] that if the polydispersity of the particles and their relative distances are uncorrelated, then again a simple expression for the scattered intensity can be obtained by applying appropriate averages in Equation (6):
where〈…〉denotes an average over a distribution of radii, that is, we only consider size polydispersity, in the SAXS experiment. To calculate the averages, we choose a gamma distribution.
Results and discussions
In this work, we study the dynamic of droplets of water to the oil in the mixture of PEG with AOT microemulsion. Microemulsions were prepared by mixing AOT with n-decane and water at the constant water to AOT molar ratio (X = 40) and constant droplet mass fraction (mf = 0.1). Both length scales of polymer and PEG to AOT molar ratios were varied and the autocorrelation function was obtained by the photon correlation spectroscopy. The single diffusive process, which is observed in the neat system and at very low polymer concentrations, splits up into two relaxation modes for the mixtures system ( Figure 1 ). Figure 1 shows an example of the correlation function as a function of polymer concentration at a constant scattering angle of θ = 90°. This behaviour was observed in a system with two particle size [17, 18] : AOT microemulsion with n-octane and heptanes [19] and in the network transition at mixture of PEO-PI-PEO with AOT microemulsion [4] . However, it is not a general point in the mixture system. For example, a single relaxation was observed in the mixture of PEG with C12E5 microemulsion [1] . In this work, the correlation function was fitted with one stretched exponential functions for the mixture of low polymer length scale (Mn = 285) with microemulsion. However, for the mixture of the highest polymer length scale (Mn = 2200 and 6000) with microemulsion, two exponential function used for fitting. We obtain the relaxation time from Equation (4) and calculated (Dc = 1/τq 2 ) the collective diffusion (Dc) for both fast and slow diffusion. The results of the collective diffusion as the function of PEG molar ratio for different length scale of PEG are presented in the Figure 2 .
For the polymer length scale of Mn = 285, the diffusion coefficient of microemulsion shows a decrease upon increasing PEG concentration. But for the two higher molecular weight (Mn = 2200 and 6000), the fast diffusion increases and slow diffusion decreases with increasing PEG content. Similar behaviour is observed in the network transition of PEO-PI-PEO with AOT microemulsion [4] . When the PEO-PI-PEO is added to the AOT, microemulsion elastic forces of the polymer chains in between the droplets (transient network) increase and a displaced droplet returns to its original position on a shorter time scale. The network transition between droplets of the AOT microemulsion can increase the interaction between droplets as it can increase the number of relaxation modes in the network transition. In our case, the PEG cannot produce network between droplets of AOT microemulsion. So, the presence of two relaxations could be attributed to the polymer aggregation in the PEG/AOT microemulsion.
We can summarise the result of light scattering in three different points. First, the fast relaxation increases with length scale of PEG, which can be due to the decreasing repulsive force between droplets [1] . Bellocq found that PEG can reduce the attractions between droplets at AOT/H2O/isooctane [19] , which is in agreement with our light scattering results. This effect is similar to adding salt to the AOT microemulsion [8] . Second, the change in the diffusion coefficient upon increasing polymer concentration differs between lowest length scale (Mn = 285) and two highest length scales (Mn = 2200 and Mn = 6000). For the lowest length scale of PEG added to the AOT microemulsion, the diffusion coefficient of droplets decreases with increasing polymer concentration, whereas for the two other cases with an increase in PEG concentration the diffusion coefficient of droplets increases. Moreover, two relaxation modes are observed for the highest length scale (Mn = 6000). Our results suggest that for the high concentration and length scale of PEG, dissolved polymer leaves the water droplet and aggregate in the oil. The collective diffusion coefficient is obtained by the Stokes-Einstein equation with considering that the hydrodynamic radius of droplets is equal to 8.5 nm (RH = 8.5 nm) and viscosity of water at mf = 0 [4] , and it shows with the star point at the Figure 2 .
As mentioned above, from Figure 3 one sees that for lowest polymer length scale (Mn = 285) the diffusion coefficient decreases monotonously with increasing PEG con-centration [1] . The reason of the negative slope of Figure 3 can be due to increasing the repulsive interaction between the droplets [1] by increasing polymer concentration. In spite of the same diffusion behaviour for both systems of C12E5 and AOT micro-emulsion/PEG, we should note that the chief mechanisms are different. For C12E5-microemulsion/PEG, the depletion effect is a dominated mechanism, which is not the case in the PEG-AOT microemulsion.
The structure of nano-droplets of AOT/H2O/n-decane microemulsion mixed with different concentration and molecular weight of PEG was studied with SAXS experiment at 20°C. The scattered intensity as a function of q for AOT/H2O/n-decane microemulsions mixed with PEG is presented in the Figure 4 . Our results shows that the size of droplets is constant at RSAXS = 7.3 nm, with the increase in PEG concentration and change in the length scale of PEG in microemulsion. In general, the size of hydrodynamic radius is bigger than the size of SAXS experiments. This compares with an overall radius obtained by SAXS of RSAXS = Rw + RAOT = 7.3 nm, assuming that the thickness of the AOT shell is correctly given by RAOT = 1.5 nm.
The structure factor from the SAXS experiment was calculated from Equation (8) by GIFT software [20] . The structure factor shows a peak at q = 0.045 Å ( Figure 5 ); the position of peak is constant with an increase in the concentration and length scale of PEG. The full-width maximum remains unchanged with increasing PEG and length scale of PEG, which indicates a constant order in the system ( Figure 5 ).
In addition, SAXS experiment reveals that the polydispersity is increasing with increasing concentration and length scale of PEG. Several studies indicate that the solubilisation of an adsorbing water-soluble polymer in the water core of an inverse microemulsion changes the flexibility of the interface [21] [22] [23] [24] [25] , the size of the droplets [24, 25] and also the mutual interactions between the droplets [21] [22] [23] [24] [25] . We found that with an increase of PEG concentration in microemulsion, the S(q) increases ( Figure 6 ). The rate of increase increases with the length scale of PEG ( Figure 6 ).
Conclusions
The diffusion coefficient of nano-droplets in the mixture of microemulsion with different concentrations and length scale of PEG is studied in this work. By adding PEG to the microemulsion, a single relaxation was observed for the lowest, and for two higher molecular weights, a double-relaxation process was observed. By increasing the polymer concentration, the diffusion coefficient decreased for the polymer length scale of Mn = 285. For the two higher PEG length scale (Mn = 2200 and 6000), the linear function of the fast and slow relaxation verse PEG molar ratio has positive and negative slopes, respectively. The aggregation of PEG inside the water droplets can produce second relaxation in the system and that with the increase in PEG concentration, the diffusion decreases. The SAXS experiments show that by increasing the concentration and the length scale of PEG, the size of droplets remains constant but the polydispersity increases. Our results show that with increase of PEG concentration the attractive interaction between droplets increases. 
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